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Abstract 

Present design practice for masonry bearing walls is based 
on converting wall moments to equivalent eccentricities of 
the axial load on the walle Few guidelines are given for 
the determination of moments transferred to the walls from a 
Loaded floor slabe The purvose of this study is to examine 
the behavior of masonry wall-floor slab combinations and to 
analyse the relationshin between axial Load levels on a wall 
and the degree of moment resisted by the wall-slab jointe 

A series of 16 masonry watl-floor slab combinations 
were tested in the IeFe Morrison Structural Engineering 
Laboratory at the University of Alberta under the 
supervision of Dre Je Warwaruke The major variables were: 
the level of axial load on the watl, the amount of vertical 
reinforcement in the wall, and the tyne of joint detail 


provided at the wall-slab connectione 
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applied moment from slab 

Mult = ultimate moment 

P = applied load 
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P-Delta = moment caused by axial load and deflection of the 
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1e INTRODUCTION 


1-1 Background Information 

Masonry construction in its basic form is one of the 
oldest types of construction Known to mane From the massive 
Pyramids of Egypt, the Roman Arch, and on to the hugh doned 
and buttressed cathedrals of Furope; masonry has evolved 
into the modern sophisticated high-rise construction of 
todaye 

With the advent of high strength concrete blocks in 
North America 15 to 29 storey masonry bearing wall buildings 
can be found in most cities. Economic and architectural 
aspects of masonry have allowed it to compete with 
reinforced concrete and steel in high-rise projects, and in 
the future even taller structures may be builte 

As the buitdings become taller the design of the 
bearing wall becomes nore sophisticatede Economy rules that 
massive walls can not be relied upon to carry the loads of 
such tall structures. Whereas masonry was once used only 
for its compressive strength it must now be designed for 
flexural stresses resulting from moments transferred from 
floor slabs resting on or being clamped between the wallse 

This intricate tyne of design requires that the 
designer must have a clear understanding of the behavior of 
the structure and the materials used to build ite Present 
design practice dictates that the designer must rely on his 


own judgement in assessing the interaction of the structure 
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and with his lack of understanding of masonry the designer 
tends to choose the more researched materials such as 
reinforced concrete and steele 

The need for research on masonry is clearly knowne The 
behavior of masonry walls under combined axial load and 
moment has been studied extensively by various authorse A 
research program at the Univerisity of Alberta has examined 
the load carrying capacity of plain and reinforced masonry 
wallse However, the interaction of the watl-slab connection 
has not been examined greatlye While some tests have been 
conducted and documented by various authors, the results of 
trese tests are inconclusive and the empirical retetionships 
are presented in a form much too complex for the designer to 
uSEe 

While this study is not conclusive in itself, it is 
expected that the theoretical findings and experimental data 
presented here will add to current research and point the 
way to further research eventually leading to design rules 
as complete and simple to use as those for reinforced 


concrete and steele 
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The main objectives of this study are: 

Ae To examine existing theories for evaluating 
wall-joint-slab performanceée 

be To observe behavior, cracking and failure types of 


various wall-slab combinationse 
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To examine the relationship between axial load and 
Joint performance of walltl-stlab combinations as it 
relates to moment resistancee 

To determine if masonry wall-floor slab interaction 
can be analysed by existing rigid frame analysis 
procedureSe 

To tay foundations for further study of related 


masonry aspectsSe 
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2e REVIEW OF PREVIOUS WORK AND PRESENT DESIGN PRACTICE 


A brief review of the previous research and present 
design practice is presented in this chapter. 

Eccentricity of toad on a load bearing masonry wall may 
result from moments transferred to the wall from a loaded 
floor slab. This type of equivalent eccentricity, of prime 
importance in the determination of wall capacity, is subject 
to considereble discussion by engineers. Limited 
investigation has been carried out by researchers on 
watt-floor slab interaction and some progress has been made 
in understanding and oredicting the performance of the 
wall-floor slab joint. More recent research is leading to a 
better evaluation of masonry wall performance and the 
development of new design methods for load bearing masonry 
wallse 

At the present time, load bearing masonry wall design 
in North America is based on a working stress approache 
Moments on a& wall are converted to equivalent eccentricities 
of the axial loade Slenderness of walls and eccentricity of 
load are evaluated with the use of empirical coefficients 
which reduce the allowable axial toad on a wall depending on 
the magnitude of the wall slenderness and eccentricity of 
axial lLoade Few guidelines are available for the 
determination of the eccentricity of loade Hence the 


mesnitude of the eccentricity is based on the judgement of 
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the individual designer. 


2.22 Review of Previous Work 


2e2el Wall/Floor Stab Behavior 


Research on masonry wall-floor slab interaction has 
been Limited and scattered. However a few researchers have 
conducted tests over the past 20 years. While the 
information obtained has allowed some understanding on the 
phenomena of yoint failure it is too inconclusive to employ 
as a basis for a design procedure. 

The first documented tests on joint behavior were 
performed by Sahtlin! in 1959 when he began testing frame 
structures of brick masonry walls and concrete floor slabs. 
First Sahlin related the compression load on a wall to its 
vertical position in the building. The eccentricity of the 
Lead on the wall was then obtained by dividing the negative 
moment on the slab end by the axial load on the walle The 
problem which Sahlin attemnoted to solve was to determine tne 
amount of negative moment in the slab end or conversely the 
amount of fixity provided by the clamping action of the wall 
and by the stiffness or resistance to rotation of the wall. 

In a more recent paper Sahlin? stated that "A 
fundamental point in the theory of interaction of walls and 
slabs is the joint behavior", He then related the behavior 
in terms of rotations of the wall, the stab and the jointe 

Pn = ev + 8 


Wrere @h is the amount of rotation of a horizontal membery 
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@ev is the amount of rotation of a vertical member and # is 


the difference between the rotation of a horizontal member 


and a vertical membere 


There are three possible failure modes for the frame: 


The joint remains rigid (f = 0.) and the wall fails 
due to buckling or due to eccentric loading two or 
three bricks below the slabe In this case the 
negative moment at the slab end can be evaluated by 
various means taking into consideration frame action 
end reduced stiffness of the wall due to crackinge 
The joint becomes "plastified" (@ > O«d)e Above a 
certain moment, Mply, the joint begins to rotate with 
the moment remaining constant or decreasinge if the 
slab is stiff enough to prevent large end rotations, 
the joint remains intact and failure occurs when the 
Load reaches the ultimate capacity of the walle In 
this case the negative moment at the slab end would 
be Mpl and P and e could easily be determinede 

Since the moment remains constant, increasing the 
slab toad and thus the compressive load on the wall 
results in a reduced eccentricitye 

If the joint becomes "nlastified" and the slab is 
flexible enough to permit further end rotations, the 
joint could fail by reaching its ultimate rotation 
capacity (@ = Bult). The failure is then localized 


at the joint and crushing of the blocks immediately 
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above and below the joint results. Sahlin states 
that this type of failure is principally separated 
from the failure of the wall. However, the rotation 
capacity of the joint is governed by the axial load 
on the wall. As the axial load on the wall 
increases the ultimate rotation capacity of the 
joint decreasese 
In all of the above cases it was assumed that the 
negative moment capacity of the slab is not exceedede 1 PSs As Gh 
were, the moment transferred to the wall would be equal to 
the negative moment capacity of the slabe 
Sahlin? provided a theoretical explanation of the 
interaction and developed equations for the calculation of 
well, slab and joint rotationse The equations are extremely 
complex and basic assiimptions must be made regarding Mpl and 
Pult before they can be usede Before calculations can be 
made to determine the failure mode and the failure toad for 
@a wall-slab combination, the values of Mpl and fZult must be 
determined experimentally for the specific material, joint 
detail and loading conditione 
Sahlin®? suggested that in further tests more attention 
should be paid to the angle of rotation of the wall ends 
than mid-height deflections usually determined and reported 
in tests on mesonry wallse 
The effect of mortar strength on the joint rotation of 
brick wall-floor slab joints was investigated by 


Maurenbrecher and Hentry*. They concluded that while 
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initially all specimens performed similarly, the walls with 
lower strength mortar allowed more rotation of the floor 
slab for a given stab momente This would indicate that Mpl 
decreases as the mortar strength decreases, because most of 
the rotation occurs in the mortar joint and the lower 
strength mortar is more easily crushedae They also compared 
the effects of precompression of the walls on the degree of 
fixity of the joint and discovered that as the walls became 
more precompressed less ultimate rotation of the slab end 
occurred, resulting in larger moments in the wallse Walls 
with low precompression allowed the joint to rotate 
separately from the wall and failure resulted from the stab 
prying apart the watls and cracking the jointe They found 
that in a plot of moment versus joint rotation the initial 
slope of the graph is independent of the amount of 
precompressive lLoade Another conclusion was that as Long as 
the jcecint remains elastic the Level of precompression has 
Little effect on the degree of fixitye 

Further tests by Colville and Hendry® on two storey 
Single bay Load bearing brick masonry structures also 
indicated that increasing wall precompression increased 
jointh rd cidi ty. By analyzing rotations and deflections, 
theytcone Vudede that! up! to 1 75%5 of oO full fixity canbe 
developede Other conclusions from their tests were that the 
rigidity of the joint is not linearly related to increases 
in wall precompressions and at high precompressions the 


magnitude of the floor loading does not have a significant 


effect on the degree of fixitye 

The interaction of wall-floor slabs has been considered 
by many ivestigators conducting tests on the bearing 
capacity of masonry wallse Risager® considered that the 
angle of rotation of the slab and wall had no influence on 
determining the bearing capacity of the wall and is a 
problem which can be investigated separatelye While this 
may be basically true, the performance of the wall-slab 
joint determines the amount of eccentricity of the load and 
the deflected shape of the walle Sinha and Hendry’ found 
that equivalent eccentricities calculated from results of 
their tests were tess than theoretical values due to partial 
fixity of the joints and non-uniformity of strainsSe 

Furler and Thurliman® conducted tests in which they 
loaded a wall axially and then applied end rotationse They 
discovered that as the axial toad increased, the wall failed 
with Lower end rotationse The axial load end rotation plot 
of their test results, with a eSmm crack width as failure 
criteria, looked similar to the load moment interaction 
curve of concrete columns and wallse 

Irn an attempt to model the behavior of wall-slab joints 
Germanio and Macchi? tested ceramic block-concrete stab 
framese They suggested that a joint could be evaluated as a 
partial hinge transferring a Limited moment to the walle 
Ttis idealization of the joint depends on the amount of 
axial load on the walle It is practical to assume that the 


joints act as hinges in the lesser loaded upper floors of 
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the building (in fact it may be best to create a real hinge 
to avoid cracking). In heavily loaded walls, joints behave 
rigidly even in the ultimate conditione Germanio and Macchi 
did not suggest a means of evaluating the partial moment for 


a case between the two extremes. 


22.2 Wall Behavior 


The behavior of eccentrically loaded walls is of prime 
importance when considering joint behavior of framese 
Regardless of whether the joint behaves elastically or as a 
pertial hinge, the degree of moment transferred to the wall 
is a function of the stiffness of both the walls and the 
floor slabse Altheugh the walls and slabs can be designed 
separately, their interaction is fundamental to the frame 
analysis of a structuree 

Considerable research has been conducted during the 
rest 20 years to evaluate the behavior of masonry walls 
under concentric and eccentric loadse The most recent 
research was carried out by Hatzinikolas!% at the University 
of Alberta.e He tested sixty-eight full scale walls under 
verious Loading conditionse A moment magnifier procedurey 
which accounts for wall slenderness and eccentricity or 
Load, was used to evaluate the strength or capacity of a 
walle To use the moment magnifier procedure Hatzinikolas 
developed a method to predict the stiffness of a cracked 
wall subyected to an axial Loade Possibly this method could 


be used in frame analysis of a structure, where a value for 
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the stiffness of the walls and the slabs is requirede 


2:3 Present Design Practice 

Most present day building codes for masonry 
censtruction include a design procedure for walls subjected 
to eccentric lLoadinge Once the eccentricities of the loads 
are chosen the designer can readily determine the allowable 
Load on a wall. However, none of the building codes 
recommend a method, or give guidelines, for determining the 
eccentricity of the lLloade The designer therefore must use 
his own judgement in computing the moment transferred from 
the slab to the walt. 

The Structural Clay Products Institute!!! suggests that 
the assumption of full fixity of the joint is conservativee 
However they caution that in upper stories this assumption 
could lead to cracking of the joint, andy, in lower stories 
local overstressing could be a probleme They also suggest 
that as creep deflection of the slab increases, the fixing 
moment decreaseSe 

The Clay Brick Association of Canada!®, considers that 
the type of construction and Loading sequence beth play an 
important part in the amount of fixity in the wall-slab 
jo. nts For example, a precast slab or a cast-in-place slab 
with shoring removed before the upper levels are built 
should to be treated as simply supported for dead Loads and 
fixed for live lLloadse They indicate that it is logical to 


assume full fixity for lower floors while it is the 
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designer's advantage to use a simply supported end condition 


for upper floorse 


Se EXPERIMENTAL PROGRAM 


del Materials 
Materials used for the construction of the test 
specimens were purchased locally and were representative of 


materials commonly used in the Edmonton area. 


3sisl Concrete Block Units 


Four basic units were used for the construction of all 
test specimens, namely 8x8x16 inch stretcher block, 8x8&x16 
inch end block, &x8x8 inch half block and, in the case of 
precast slabs, 8x16x1e5 inch slab block to face the wall at 
the slab Levele The units are shown schematically in Fige 
3e1 and the physical properties of the units are listed in 


Table Se ‘ie 


Seie2 Mortar 


AltlL specimens were constructed using Type S mortar 
consisting of one part normal vnortland cement, one-half part 
hydrated Lime and four parts sande The mortar was mixed by 
hand in approximately 1/2 cubic yard batches and water was 
added as directed by the masone Twenty four 2 inch mortar 
cubes were made from the batches and were cured in the Lab 
at a relative humidity of 30%. Six of the cubes were placed 
under wetted burlape Of the eighteen dry cured cubes, the 
average 28 day strength was found to be 700 psi and the six 


wetted cubes had an average 28 day strength of 1860 psie 
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Sele3 Grout 

A mixture of pea gravel and natural sand was used to 
grout the reinforced walls and the precast slab-wall jointe 
The mix was proportioned by weight using Type III normal 
portland cemente The proportions were 88 lbs cement, 345 
lbs sand and 245 lbs pea gravel with a w/c ratio of le 
Thirteen 4x4x8 inch grout specimens were prevared and cured 
according to ASTM Standard C595-74. The average 28 day 


compressive strength of the grout was 1200 psie 


A mixture of normal weight crushed gravel and natural 
Sand was used for the cast-in-place slabse The mix was 
proportioned by weight using Tyne III normal portland 
cemente The proportions were 257 lbs cement, 379 Lbs sand 
and 567 lbs crushed aggregate with a wfc ratio of e44. Six 
standard cylinders were cast and cured with the wall-slab 
srecimense The average 28 day compressive strength of the 


concrete was 4100 psie 


#3 deformed bars were used for vertical wall 
reinforcement and for stirrups in the cast-in-place slabdSe 
#4 bars were used for wrap-around bars in the precast slabs 
and for tying precast slabs to unreinforced walts in Series 
D specimense #5 deformed bars were used for the tension 


reinforcement in the cast-in-place slabSe The average yield 
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stress of two bars tested was 55.5 ksi and an idealized 


stress-strain relationship is shown in Fige 3e2. 


Five two block one mortar joint and three five-block 
four mortar joint prisms were built. All of the prisms had 
face shell mortar bedding. The dimensions of the prisms are 


shown in Fige BeBe 


le Wall-Stab Specimens 

A total of sixteen full scale wall-slab specimens were 
censtructede All walls were built in running bond with face 
strell mortar bedding, the most common practice in the 
construction industry. All specimens had the same vertical 
measurements consisting of seven bottom courses of blocks 
(56") an eight inch thick concrete slab and seven top 
courses of blocks for a total height of 120 inches. 

All walls were constructed by experienced masons and 
were tyvical of walls built with good workmanship and 
supervisione The 3/8 inch mortar joints on both faces were 
cut flush and then tooled. 

All walls were grouted in two lifts and the grout was 
vibrated into place using a one inch diemeter vibratore 
Cleanouts were Located at the bottom of each lift to altow 
removal of any mortar dronvpings in the corese The bottom 


and top courses of all walls were fully grouted to avoid 
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damage during transportation and local damage from the 
loading channelSse 

The sixteen specimens were divided into five 
categorieSse The stabs for Type A and B specimens were 
cast-in-place concrete slabs, 8&8 inches thick, 39-625 inches 
wide and extended 46 inches from the face of the walle The 
slabs were reinforced with 15-#5 deformed bars and 4-43 
stirrupSe The ultimate moment capacity of the stab was 
computed to be 1400 kip-ine 

The slabs for Types C, D and E specimens were Span-Deck 
precast slabs, supplied by Con-Force Products Ltdey 8& inches 
thick, 47.625 inches wide and extended 45 inches from the 
face of the walle The slabs were prestressed with four 1/2 
inch 7 wire strands and were inverted so that the strands 
were at the top of the slabe The ultimate moment capacity 
of the precast slab was computed to be &35 kip-in. Because 
of insufficient development Length for the strands, this 


moment may not be reachede 


The four Type A specimens consisted of two wall 
segments 39.625 inches wide with no vertical reinforcement 
and & inch cast-in-place concrete stabs were supported at 
the mid-height of the specimense 

The construction sequence was as follows: 

ae The bottom seven courses of the walls were laid 


De Slab forms were placed and the slabs were caste The 
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slabs were cured under polyethelyne sheets for seven 
days after which the forms were removede 


The final seven courses of the walls were Laide 


322¢222 Type B Specimens 


The four Type B specimens consisted of wall segments 


39.625 


inches wide, reinforced with 3-43 bars and 8 inch 


cast-in-place concrete slabs were supported at the 


mid-height of the specimens. The construction sequence was 


as follows: 


The bottom seven courses of the walls were Laide 
The vertical reinforcement was placed and grout was 
vibrated into the reinforced cores to the tope 

Slab forms were placed and the slabs were caste The 
concrete was allowed to flow into the top course of 
tne ungzgrouted coreSe The slabs were cured under 
polyethelyne sheets for seven days after which the 
forms were removede 

The final seven courses of the walls were laide 

The vertical reinforcement for the top walls was 
placed and the cores groutede A lap splice of 12 
inches was provided above the slab to provide 


continuity of the vertical reinforcement. 


Joint details for Tyves A and RB specimens are shown in 


——_— SS 


Tyne C Specimens 


The two Type C specimens consisted of unreinforced wall 
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segments 47.625 inches wide and precast slabs supported at 
the mid-height.e No vertical steel or wrap-around bars were 
placed in these specimense 

The construction sequence was as follows: 

ae The bottom seven courses of the walls were laide 

be The precast slabs were placed on the walls and the 
slab blocks were laide One more course of blocks 
was laid above the slabs. 

Ce Grout was vibrated into the slabs and the courses of 
blocks adjacent to the slabse Stryrofoam had been 
placed in the wall cores and in the slab cores to 
contain the groute 


de The final six courses of blocks were laide 


3220204 Type D Specimens 


The two Type D specimens consisted of unreinforced wall 
segments 47-625 inches wide and pvrecast slabs at their 
mid-heighte These specimens had a joint detail which 
censisted of 4-#3 vertical bars, 24 inches long, placed in 
the courses above and below the slabe #4 bent bars were 
placed around the vertical bars and in the slab coreSse 

The construction sequence was the same as for Type C 
specimens with the exception that the joint reinforcment was 


placed before cgroutinge 


3222225 Tyve E Specimens 


The four Type E specimens consisted of wall segments 


47.625 inches wide, reinforced with 4-#3, bars supporting 8 
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inch precast slabs at their mid-height. 
The construction sequence was as follows: 
ae The bottom seven courses of the walls were Laide 
be The vertical reinforcing bars were placed and grout 
was vibrated into the reinforced cores to the top of 
the sixth coursee 
Ce The precast stab was vlaced on the wall and the slab 
blocks were lLlaide 
de #4 bent bars were placed around the vertical steel 
and in the slab corese Grout was vibrated into the 
slab and the seventh course of the wall. Styrofoam 
was placed in the slab cores to prevent the grout 
from reaching more than 13 inches into the slebe 
Ce The next seven courses of the walls were laid and 
grout was vibrated into the reinforced coresSe 
Joint details for Types Cy, D and E walls are shown in 
Picas 65 6 After construction was completed the specimens 
were moistened periodically to counteract the low relative 


humidity in the lLabe 


The walls of the specimens were loaded in compression 
through a channel-rotller system shown in Fige Gebe This 
system was used to simulate a pin-ended condition 
representing points of zero moment in the real structuree 
The vertical load on the walls wes applied by an MTS 


hydraulic testing machine with a capacity of 1e5 mitltlion lbs 
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in compression, and the capability of maintaining a preset 
Vead sto: pti) Orel bse 

The vertical load on the slab was applied through two 
hydraulic centre pull rams connected in seriese The rams 
head a total load capacity cf 120 kips with a stroke of 5 
inchese They were mounted under the 26 inch thick load 
floor in front of the MTS machine and were connected through 
a loading apparatus to a channel used to distribute the 
Load, as a line Load, on the slabe The line lcad was placed 
at 48 inches from the centre line of the walle The weight 
of the toading apparatus wes 225 lbs for the cast-in-place 
slabs and 250 lbs for the precast slabSse A diagram of the 


slab loading apparatus is shown in Fige S3e7e 


3.4 Instrumentation 
Se4ei Prisms 
Prisms were tested in vertical compression. Vertical 


deformations were monitored to 1/1090 inches by the movement 


ef the head of the MTS machinee 


3s422 Full Scate Walt-Slab Specimens 

Horizontal deflections of the walls were measured at 10 
points along the height using linear variable differential 
transducers (LVDT's) calibrated to read in increments of 


1/1000 inches. The LVDT's were mounted on an independent 


frame and connected to the walls with Light gauge wireSse 
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Vertical deflections of the slabs were measured at 20 
inches and 36 inches from the face of the wall using LVDT'se 
Total axial deformations of the walls were measured by 
recording the vertical movement of the MTS heade 

Rotations of the slab end, the block above the slab, 
and the block below the slab, were computed by taking the 
inverse sine of the difference in two adjacent LDVT 
measurements divided by the vertical distance between the 
@auge pointse 

The strains in the reinforcing steel in the 
cast-in-place slab were measured by strain gauges mounted on 
the reinforcement at the face of the walle The strains in 
the vertical reinforcing bars were also measured by strain 
g#auwZkese The gauges were mounted at one mortar joint above 
the slab and one mortar joint below the slahe No strain 
measurements were taken on the 24 inch vertical bars in the 
Type D walls nor was strain monitored on the #4 wrap-around 
bars in the precast slabse 

Vertical load on the wall was read directly from the 
MTS testing machinee Vertical Load on the slab was measured 
using a 20 kip load celle Strain gauges were mounted on the 
two rods used to load the slab to check that the rods were 
sharing the load equallye 

The measuring devices (strain gauges, load cells and 
LVDT's) were powered by a common six-volt power supply that 
produced output in the range of + .901 voltse The analog 


Signals from the devices were converted into digitat form by 
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a digital voltmeter controlled by an interactive Fortran 
program in the Nova computer. This allowed the measurements 
to be monitored and read into storage during testinge At a 
particular load level all output was measured and recorded 
automatically within 5 secondse The interactive Fortran 
program allowed the test supervisor to determine, during the 
test, the increments of loading at which data was to be read 
and storede After completion of testing, the data was 
printed on a hard copy terminal, stored on a digital casette 
tepe and later transferred to the AMDAHL 470 computer for 
further processinge 

A diagram of the location of LVDT's and strain gauges 


is shown in Fige 3e8e 


Atl prisms were tested in axial compressione They were 
capped top and bottom with high strength plaster and 1/4 
inch steel plates were placed so that the toad was applied 


uniformly over the total area of the prismSse 


The specimens were transported to the testing machine 
in a clamping device consisting of two frames connected with 
steel rodse The frames were placed on the two sides of the 


specimens and a compressive force was introduced by 
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tightening bolts on the rodse Rubber pads were placed at 
three locations on each side of the wall and two locations 
On each side of the slab to avoid damage. The slabs were 
held level as the specimens were Lifted by a 10 ton overhead 
cranee Plate 3-1 shows a specimen being lLliftede 

The specimens were guided into the testing machine and 
set into the bottom channels which were held from rotating 
by temporary wedgeSe Plaster of paris was poured into the 
channels to ensure the load was distributed evenlye 

Two spirit levels were used to set the stab level and 
tre wells plumb. A stack of concrete blocks was used to 
+emporarily support the slab until testing begane The 
clamping frame was then removed and the top loading channel 
was placede A 3 kip load was apvlied to the channel to 
provide even set of the plaster and overall stability of the 
specimene The slab loading apparatus and the measuring 
devices were then connectede Plate 3.2 shows a specimen 


ready for testinge 


A sling connected to the overhead crane held the slab 
level while the channel wedges ard the blocks supporting the 
slab were removed. 

The wall was then loaded in increments of 10 kips toa 
predetermined level which varied depending on the walle 
After the first 10 kips was placed on the wall the sling 


supporting the slab was removede Readings on all gauges 


te nie reer wen ot ws 


1 on fee ah 
a ‘1h 7 Ly a eee ; : ; Fea. ve 7 ae De 


} ona gE 


A iy : 
ire rad Co > aa so5 109% oink in ny aks ees 


—na ret os mete wut awn wb et aioe ae 
f ae rn ey « 2, - _— a 

an? ota‘) ee ey pat ets 2.9 ed ak igudane 7 ve a. 
i ; 


yd eae sane Pele cad ‘age . ee? ernie * 


ib : di Pere re vf ] 

the Janved. Gaheyerorael eh Ute 4 wy ole rz Sliiadal *i4 —' 7 
eh baleen i col i i, te : 

of hens & Sey Ph ioe ee 2° 68 OA aows h itso ik aleaathe lett 7 

' Soe 7 7 ; Ine a wi: _ 
; : \ i a r , wi i : ' 7, 

an i ~*~) i ; 7 ” . ~~ , , : 
eT, tne! erida aet cs} 8 lied € aly, = Tecnu “fins 

i - eh y 4 Toe. * En 


Leute Siityea se ce ae Dis: wae? a reat — en ask 
i - v f i 


1 r 4 


im, 
gai? ‘er i SS or ee Se @ } "Wepre az iv. Ps Pye _ 5 & »as > 
? cr. ji tate Jipeevg bps “ake sig ah fe hee ae oie 


f - he a 


i 
; / } ‘ , - - Veit 


Ms nt ae or eiA whee ote i acans 3p rh og end ia aleadil “oe 


so ir 7 ; re 
igniate@e os wert f.\ e & che" Gb te vp abel in ow 4 
m a i] 


4 7 ss rad i ro. a? oath re 
- j . Hi tela 
| bh 


eee 542. 25 Baas sah 


ar. & pit fu Bet d>aed ) eae i> b 4+ 29 & wt > hz " = Pe 
) 7 ’ , . - 
iu f rO@g eure Brkt, 649 ieee @ (2enrew /'« pie. . eth are 


at ti AX » &4 vromee, ~ 


7 
— rt ‘ 


* ef e458 91 Le - ere een uid hay SO? 46F+)UAS Tie, coi : 
yy : 


wld wy, weit am en Limgtay se sae Pray tT gaps siaglhdghe 


\ 
e toh 


Leds@ 7, Fie ene, no te ea a ee | soveilide aa 
ewe’ Lien ie Weripnee Je% bali +m 
os i Rb 


6 


24 


were taken at each 10 kip increment of wall loadinge 

After the required axial loed on the wall was reached 
the loading of the slab was begune The output from the load 
cell was monitored and readings were taken at intervals of 
0.5 to 2-0 kips up to the maximum slab loade If the wails 
did not become unstable at the maximum slab toad then the 
aes of the slab were monitored and the stroke of the 
centre pull rams was increasede Measurements were recorded 
at various intervals, as the slab deflection increased until 


complete instability of the walls occurrede 
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Specimen Ready for Testing 


Plate 3-2 
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4. TEST RESULTS 


4.1 Introduction 
The results of the tests on prisms and full scale 
wall-slab specimens are summarized and presented in this 


chapter in tabular, graphic and photographic forme 
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The five two-block prisms failed with an average 
compressive stress of 2015 psie The value of f'm was 
determined in accordance with clause 4.3.2.3 of CSA $304 
1$77 "Masonry Design and Construction For Buildings " and 
wes found to be 1722 osie 

The three five-block prisms failed with an average 
compressive stress of 1543 psie The code does not altow for 
prisms with h/t greater than 3-. However, by using the 
weighted average of the three tests and applying the 
correction factor for h/t = 3e, the value for f!m was 1724 


pSie 


4.3 Summary of Test Results of Full Scale Wall/Sltab 


—— —— 


4.3.1 Specimens With Cast-In-Place Slabs 
The cast-in-place slab specimens failed in two distinct 
modes depending on the magnitude of axial load on the walle 


The overall! failure mode was independent of whether or not 
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the wall was reinforcede The nature of the axial 
load-moment interaction of concrete masonry walls is such 
that walls subjected to loads higher ttan a certain axial 
load, Pb, the failure of the wall is governed by the 
compressive strength of the masonrye Below the balanced 
load the walls fail in tensione This behavior is discussed 
in more detail in Chapter 5. For the catagorization of tne 
test results of the specimens with cast-in-place slabs the 
walls are described as being subjected to axiat toads lower 


or higher than Pbe 


The walls subjected to a low axial load had a tension 
tyne failuree After approximately 80% of Mmax (the maximum 
applied moment which the joint was able to resist) was 
introduced into the system, a crack opened at the mortar 
joint above the slab on the tension side of the wall. The 
size of the crack increased with increasing moment until 
Mmax was reachede The crack, at Mmax, was more than 1/4 in 
wide and the rotation of the block above the stab no longer 
followed the rotation of the slab ende 

The deflection of the slab was then increased with the 
line load on the slab dropnvinge The deflection of the walls 
began to increase greatly after the maximum moment was 
reachede This deflection had the effect of increasing the 
moment on the upper wall and decreasing the moment on the 


Lower walle If it is assumed that 50% of the stab moment 
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was resisted by the upper wall, and adding the axial 
lLoad-deflection (P-Delta) moment to that, the results 
indicate that the moment on the upper wall remained almost 
constant after Mmax was reached. 

The deflection of the slab was finally increased until 
the walls became unstable and fell over under their own 


weighte 


4.321.2 Walls Subjected To a High Axial Load 

The walls subjected to higher axial load had a 
compressive failuree The moment versus slab rotation 
behavior was similar to that for walls subjected to lower 
loads until Mmax was reachede 

No large tensile cracks were observed in these walls 
but vertical splitting cracks were founde Spalling of the 
mortar joint immediately above the slab on the compression 
face was observed as Mmax was approachede This spalling 
included concrete from the stab and the block above the 
slabe 

Upon reaching Mmax the walls immediately failede The 
unreinforced walls failed by vertical spnlitting of the upper 
wall extending from the slab to the top block. The 
reinforced walls failed by vertical splitting of only tie 
block above the slab with the comvression side of the block 
falling away from the specimene For both the reinforced and 


unreinforced walls a large amount of concrete spalled from 


the slabe 
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The moment vs slab rotation relationships for the walls 
are summarized and presented graphically for unreinforced 
walls in Fige 4-1 and for reinforced walls in Fige 4¢2-6 

A photograph of wall A2S5 at failure, a typical tension 
type failure, is presented in Plate 4.1. A photograph of 
wall A100 at failure, a typical compressive failure of an 
unreinforced wall, is presented in Plate 4.2 and a 
protograph of walt B150 at failure, a typical compressive 


failure of a reinforced wall, is presented in Plate 4.3. 


2322 Specimens With Precast Slabs 


SS MA Sa 


The failure of the wall-slab joint of the specimens 
with precast slabs was separate from the failure of the 
welle This failure was independent of the amount of axial 
Load applied to the walle 

All of the specimens exhibited the same type of 
behaviore As the slab moment was applied, the precast slab 
ena ilrotatedimuchimorer than’ that® observed: for) the 
cest-in-place slabs. Even after only a small moment was 
introduced a vertical crack developed through the wall at 
the precast slab end in all specimens and this crack quickly 
extended over the full depth of the slabe 

A large horizontal crack opened above the slab as Mmax 
was reachede Mmax was very small and was approximately the 
same for all specimens, independent of the axial load on the 
wall. The slab end rotated substantially as the slab moment 


was applied while the rotation of the wall ends was 
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negligible. After Mmax was reached the walls still remained 
stable and the rotation of the slab end could be increased 
with a decreasing slab momente Although this behavior was 
Similar to that of the cast-in-place slab specimens, the 
similarity was in appearance onlye 

The ultimate failure of the snecimens, collapse or toss 
of stability, was different depending on the type of joint 
reinforcemente The slabs for the specimens with no joint 
reinforcement rotated to a large degree with very low loadse 
The crack at the stab end quickly extended up and down into 
the wallse Failure occurred by vertical splitting of the 
wall for larger axials load or, if the load on the wall was 
smatl, the slab simply rotated out of the walle The slabs 
with the wrap around bars could be rotated as the moment 
dropped slightly until the vertical steel began to bear 
against the face of the wall, finally cracking the blockse 

The presence of the slab joint seriously affected the 
load carrying capacity of the wallse This was not 
neccessarily due to the introduction of a moment, as in the 
case for the cast-in-vlace slabs, but was due to the 
initiation of the vertical crack behind the precast slab 
ende This behavior is discussed tater in Chapter 5. 

The moment versus slab rotation relationships for all 
of the specimens with precast slabs are summarized in both 
tabular and graphic form in Avnpendix Ae A photograph of 
wall D600, having a joint reinforced with wrap-around bars 


and two foot long vertical bars, at failure is presented in 
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Plate 4.4. 

Table 4.1 lists the magnitude of axial load, the 
distance of the slab load from the centre line of the wall 
and indicates the degree of out of plumb of the watls for 


all test specimens. 


eas 
| 


Unreinforced Walls With Cast-In-Place Concrete Slabs 


As the slab was loaded a horizontal crack opened in the 
first mortar joint above the slabe This crack became 
increasingly larger until Mmax was reached, at which time 
the crack size increased significantly and the block above 
the slab assumed a rotation onposite to that of the slabe 
The stab deflection was next increased until a large crack 
appeared in the mortar joint 3 blocks below the stab, and 
finally the bottom half of the wall tipped overe The 
rotations of the blocks and slab end together with the 
corresponding moments are tabulated in Table 4.2 and the 
deflected shape of the wall is presented graphically in Fige 


4.36 


424-2 Wall ASO 
As in the case for wall A25 a horizontal crack opened 

in the first mortar joint above the slabe The crack became 

larger and the mortar on the compression face of the wall 


began to spall offe After Mmax was reached the joint began 


tc pry the two walls apart and eventually the bottom wall 
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became unstable and fell over. The rotations of the blocks 
and slab end with the corresponding moments are tabulated in 
Teble 4.3 and the deflected shape of the wall is presented 


graphically in Fige 4.4. 


424.3 Wall A190 

No horizontal cracks were observed until Mmax was 
reached and the blocks in the upper wall spnlit verticallye 
The blocks in the course below the slab also split and the 
concrete slab svalled off, at the end of the slab 
reinfcrcing barSse The rotations of the blocks and slab end 
with the corresponding moments are tabulated in Table 4.4 
and the deflected shave of the wall is presented graphically 


in Fige 4.56 


As in the case of wall A100 no horizontal cracks were 
observed and at Mmax failure occurred by vertical splittiny 
of the blocks above the slabe The blocks below the slab did 
not fail as with wall A100. Fige 4-5 Lists the rotations of 
the blocks and slab end together with the corresponding slab 
momentSe The deflected shave of the wall is presentea 


Zraphically in Fige 4+ 6-6 
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At Mmax a large horizontal crack opened above the slabe 
The crack became larger as the slab deflection was increased 
until the wall became unstable and tipped over. The 
rotaticns of the blocks and slab end with the corresponding 
moments are tabulated in Table 4.6 and Fige 4-7 graphically 


depicts the deflected shape of the wall. 


Se2 Wall 


B 


At 80% of Mmax a tensile crack opened in the first 
jeint above the slab. The joint failure, at Mmax, occurred 
with spalling of the concrete and mortar on the compression 
face of the slab and spalling of the block above the ctlabe 
The deflection of the slab was then increased until the 
bottom wall tipved overe 

The rotations of the blocks and slab end together with 
the corresponding moments are tabulated in Table 4.7 and the 
deflected shape of the watl is presented graphically in Fige 


4.3.6 


4e523 Wall B1I50 


No horizontal cracks were observed for this specimen 
until Mmax was reachede At anproximately 70% cf Mmax a 
vertical crack was observed along the centre line of the 


walle Failure occurred at Mmax by spalling of the morter 
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and concrete around the first joint above the slab on the 
compression side of the walle The walls also became 
unstable and the slab was able to rotate freely under its 
own weighte 

Table 4.8 lists the rotations of the blocks and slab 
end along with the corresponding momentse Fige 4.9 


graphically depicts the deflected shape of the wall. 


At approximately 50% of Mmax a vertical crack appeared 
along a mortar joint on the top half of the wall and at 70% 
of Mmax this crack had extended to the full height of the 
welle 

No further cracking occurred until approximately 90% of 
Muax was reached and the concrete blocks and slab at the 
first mortar joint above the slab began to spall offe The 
failure of the specimen occurred at Mmax where all of the 
concrete was crushed around the first mortar joint above the 
slabe The slab was thnen able to rotate freely under its own 
weighte 

The rotations of the blocks and the stab end together 
with the corresponding moments are tabulated in Table 4.9 
and the deflected shave of the wall is presented graphically 
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Large stab deflections were measured immediately after 
slab loading was begun. The slab end rotated within the 
Joint and no rotations of the wall ends were observed. At 
Mmax, which was quickly reached, a large vertical crack 
developed through the wall at the precast slab end. 

After Mmax was reached the slab deflections increased 
rapidly with very Little Load until the slab began to rotate 
out of the joint under its own weighte The sleb was then 
Lifted back to its original position and, because the wall 
wes undisturbed except for the crack at the slab end, the 
axial load on tne wall was increased until the wall faited. 
Increasing the axial load on the wall caused the vertical 
crack at the slab end to extend through the full height of 
the walle The wall failed at 120 kips by splitting along 


the extended vertical cracke 


ae Ge) «2 Wa i C120 
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No measurements were taken after the slab Loading began 
because the wall failed at a very small applied momente As 
soon as the slab supports were removed a vertical crack 
developed through the wall at the precast slab ende A very 
smatl load (e7 kip) was placed on the slab when the crack 
suddenly extended and the wall failed by splitting 


vertically. 
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4.6.2.1 Wall D690 

A large slab deflection occurred as soon as the slab 
supports were removede As Mmax was reached a vertical crack 
opened at the precast slab end and a horizontal crack 
appeared along the mortar joint at the top of the slabe The 
deflection of the slab was increased and the joint was able 
to resist some momente This continued until the tops of the 
vertical bars began pushing through the face of the walle 

Next, the slab was Lifted to its original position and 
the axial load on the wall was increasede The wall failed, 
under an axial load cf 140 kips, by crushing and spalling of 


the blocks where the vertical bars had been pushing throughe 


4.606222 Walt D120 


As with wall D60, a vertical crack occurred at the 
precast slab end as Mmax was reached and the deflection of 
the slab was increased while the wall-slab joint resisted 
some momente Eventually vertical cracks appeared, on the 
face of the wall, at the location of the vertical 
reinforcing berse The bars began pushing through the face 


of the wall and the test was terminatede 


As with wall D60 a vertical crack at the precast slab 


end accompanied Mmaxe The horizontal crack in the mortar 
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jcint above the slab also appeared at this timee 

The deflection of the slab was increased further and 
the joint was able to resist a small applied momente The 
vertical crack began extending into the blocks above and 
below the slab and eventually extended through the entire 
height of the walle Some spalling of the blocks immediately 
below the slab occurrede Failure was caused by spalling of 
all of the blocks in the two courses above the slab on the 


stab face of the walle 


Sete eWa Ul «EI 9 
A vertical crack at the precast slab end occurred as 
Mmax was reachede Increasing the deflection of the stab 
caused the crack to extend into the blocks above the slabe 
After considerable deflection of the slab was attained, 
the slab was lteveled and the axial load on the wall was 
increased to 250 kips, the maximum allowed in the preset 
Load range of the MTS machine. When this axial load was 
reached the slab supports were removede The weight of the 
slab caused sufficient rotation of the slab end to initiate 


failure of the walle This failure was similar to the 


spalling faiture of wall E60. 


As with the previous tests, a vertical crack developed 
through the wall at the precast stab ende However, this 


occurred with only a small amount of momente As the moment 
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was increased the vertical crack extended to the full depth 
of the joint and into the block above the slabe Mmax was 

lower than in previous tests, although all of these moments 
were quite smalle The deflection of the slab was increased 
until failure occurrede The type of failure was the same as 


for watts E60 and E120. 


4.7.4 Wall E359 


Because of the similarities of all of the previous 
failures and the indication that the presence of the joint 
lowered the axial load capacity of the wall, it was decided 
to test this last specimen under axial load onlye The slab 
Supports were removed, thus there was a small moment at the 
joint caused by the weight of the slab. 

As the axial load on the wall increased random vertical 
cracks appearede Eventually a vertical crack initiated at 
the precast slab ende This vertical crack soon opened and 
failure of the wall occurred by splitting of the watl and 


spalling of the blocks as in the previous wall failurese 
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Table 4.1 Loading Details For Test Specimens 


Specimen Axial Load Eccentricity! Out Of Plumb? 
Number kips in in 
A2ZS Zo 47.00 +1/2 
ASO 50 47.50 PLUMB 
A100 100 47.00 PLUMB 
A150 150 47.00 PLUMB 
B25 25 48.25 +1/2 
B50 50 47.75 +3/8 
B1i50 Pou 47.25 PLUMB 
B200 200 Ae 47675 PLUMB 
C60 60 46.75 PLUMB 
c1i20 120 46.75 -1/4 
D60 60 46.75 -3/8 
D120 120 46.75 -3/8 
E60 60 46.75 -3/8 
E120 120 46.75 -S/8 
E250 250 46.75 =~ 1/34 
E350 350 0.00 -1/4 


The eccentricity is the distance from the line load on the slab to 
the centre line of the wall. 


A positive out of plumb indicates that the top of the wall leaned 


towards the slab. 
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Table 4.2 


Mslab 


Kip-In 


Mu 


Kip-In 


evl 


Degrees 


eh 


Degrees 
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Degrees 
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-0-03 
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Mslab 


Kip-In 


S1 


Moments and Rotations For Walt A100 


Mu 


Kip-In 


—3. 


evl 


Degrees 


-0.04 


-90.21 


-O0.O01 


eh 


Degrees 


-0.17 


=O 0S 


= Overt 


-0.09 


-90.04 


evu 


Degrees 


-0.01 


@Cendef 


Degrees 


-O-6 11 


-0.08 


—-O- 07 


-O. 06 


FeRKs. 


- A sans a a, Vas ae? 
yed Pot nr a! iy 
coon yed Reel Loa O™ CRN : 
2140- a3 0.0- ; Ly ‘Jh< eo ou i " 
= i : be ; os ia 


ee ee eae 
NET LS eae 
Se ee ee 


Jowe=, SSS ere rape | 
eS shed: : seks 7 Ripe eH) 


es] 


,; rae re ‘etc’ } 
T Ahoy % ; BG ot cia ad ef) i 


oe 
ce 


{ I ef ; it f) * P) : : ej S = €3 ; , cof a i) 
Must UR Bret RBs 
i ‘ ne 8 i" : 4 j 

be oft he PEG ' FkeP 


= “ f : nS 
av et SE20- ate 859 


Table 4.5 


“slab 


Kip-In 


356 


52 


Moments and Rotations For Walt A150 
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Table 4.6 Monents and Rotations For Wall B25 


Mslab Mu evl eh Oevu endef 
Kip-In Kip-In Degrees Degrees Degrees Degrees 
35 17. -0.093 = @'s013 -0.09 -0.94 
636 31. -0.02 -9202 -0.05 -0.04 
996 50-6 0.00 0.00 0.02 -0.03 
141. 71. 0.02 0.02 0.02 0.00 
1616 8&2 0.04 0.03 0.01 0. 02 
179-6 91. 0.06 0.05 0.02 0.05 
2126 108. O.11 0.06 0-02 0.09 
2436 125-6 0.14 0.08 0.05 0.16 
2706 141. 0.17 0.13 0.05 023 
2786 146.6 0.29 0.17 0202 Oe 26 
267-6 146. 0.34 0.37 =Oe22 0.50 
2656 1536 0.69 0.49 =e oil 0.90 
2566 1606 1.14 0.86 -0.94 1.40 
2296 159.6 1.52 og —Tea2 2002 
185. 152. 2292 saa -2.18 so 
157-6 147-6 2020 a -2.58 a 
131. 1466 0-53 a -3e12 -3.12 
94-6 142. -4.290 a -3.-81 Shee 
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Table 4.8 Moments and Rotations For Wall B150 


Incr Mslab Mu evl eh evu endef 
NOe Kip-In Kiv-In Degrees Degrees Degrees Degrees 
S 356 17. 0.04 =0.09 -0.09 -0-03 
6 168-6 R2e 0.04 -0.03 0-00 0-03 
Z 2476 122.6 0.04 0.01 0.09 0205 
8 3186 159. 0.04 0.10 0-13 0.08 
9 412. 2086 0.09 0.14 0.17 0.13 
10 509-6 2586 0.212 0.18 0-19 0.14 
11 S606 2856 0.14 0.21 0.19 0.17 
12 6046 308-6 0.15 0.22 0.21 0.19 
13 651. 333-6 0.16 0.24 0.22 0.24 
14 691.6 3556 0.19 0.26 0.22 0.29 
1S TAGE 3886 0.22 0-31 0.23 0-38 
16 7386 412. 0.25 0.35 0.22 0.43 
ig S226 432-6 026 0.37 0.22 0.47 
18 BS2e< 449-6 0.28 0.249 0.23 0250 
19 S866 471. 0-32 0.46 0-23 0.57 
29 O126 489-6 0.35 0.51 0.23 0-62 
21 235%. 5046 0.37 0.55 0.24 O66 
22 S646 S37. 0.44 0.65 0.20 0.79 
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Moments and Rotations For Wall B200 
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Fige 4-1 Moments vs Slab Rotations For Unreinforced Walls 
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Moments vs Slab Rotations For Reinforced Walls 
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Watt A100 At Failure 
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Wall D60 At Failure 
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Se Discussion of Test Results 


Sei Introduction 

In this chapter, the experimental results are 
interpreted and compared with analytical results based on 
existing theories of concrete masonry strength and 
structural interactione 

The first section of this Chapter deals with specimens 
with cast-in-vlace slabse The moment-rotation behavior, as 
it applies to the failure of the joint is compared with 
Sahlin's! theory of joint performance and analytical results 
besed on theory presented by Hatzinikolas!9%, 

The second section deals with the performance of the 
erecimens with precast slabSse The results are interpreted 
to explain the failure modes of these specimense 

Finally, the last section deals with the 
moment-rotation performance of the cast-in-place slabs while 


the joint remains rigide 
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Test Results Compared With Sahlin's_ Theory 


ee —- Se 


In Chapter 2, eae theory of wall-slab interaction by 
Sahlin was describede His explanation of the joint 
performance was that, upon applying a moment to the walt 
through a loaded floor slab, the rotation of the slab end 
(eh) is the same as the rotation of the wall end (80v), thus 


the wall-slab joint behaves rigidlye Bor all ‘of the 
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specimens tested in the present investigation the joints 
were rigid up to the application of Mmaxe 

Failure category number one, where the joint remains 
rigid (0 = 0.) and the wall fails due to eccentric loading, 
describes the compressive type failures of the test 
specimensSe The walls in this case failed due to crushing of 
the concrete in the blocks immediately above the slab ende 
None ef the specimens failed due to bucklinge 

In the second failure mode the walls and slab ends 
rotate rigidly (0 = 0.) until a maximum moment, Mply is 
reachede At this point Sahlin states that the joint begins 
to rotate plastically (f > 90.) with a constant or decreasing 
moment being appliede This type of behavior occurred in the 
test specimens which had tension tyve failurese 

Sahlin's third failure category describes the joint 
failing by reaching it's ultimate rotation capacity (@ = 
Pult). The test specimens which had tension type failures 
did not exhibit this behavior. They had large horizontal 
deflections at the level of the slab and these deflections 
caused larwye P-Delta noments which altered the distribution 
of moments in the wallse Failure of the specimens occurred 


when the walls became unstable and tipped overe 


Hatzinikolas developed a computer program, TPM, to 


predict theoretically the axial load-moment interaction 
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curve for eccentrically loaded concrete masonry wallse 
Curves are produced on the basis of the strength of the 
cross section, (h/t = 06), and are later adjusted for 
slenderness, (h/t > 0O«), by applying a moment magnifiere 
There was good correlation between the analytical results 
from the computer program and the results of tests of full 
scale wall specimense The assumptions used in developing 
TPM along with a brief description of how the program works 
are presented in Appendix Be The interaction diagram and 
vatues of Mmax from the tests are plotted for unreinforced 
walls in Fige 5-1 and for reinforced walls in Fige 5e2e 

A comparrison of the results of the wall-slab specimen 
tests with the results produced by TPM indicates that fora 
given level of axial load the value for Mmax was the same as 
the ultimate moment capacity of the walle The joints of the 
specimens behaved rigidly until Mmax was reached, thus Mpl, 
at which Sahlin states that the joint begins to rotate 
plastically, is the same as Mmaxe Mpl is the ultimate 
moment capacity corresponding to the level of axial load 
placed on the walle 

The behavior of the joint before Mmax is reached was 
typical of the behavior of an elastic material with no 
tensile strengthe Section 5.4 deals with the moment 
distribution and joint rotation of the watls when the joint 
remains rigide 

For axial load values greater than Pb, the failure of 


the cross section is due to the stress at the compressive 
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edge of the wall reaching the maximum compressive strength 
Oc ethes block. Thus the test specimens which failed 
immediately upon reaching the maximum moment did so by 
crushing of the blockse In the case of the the unreinforced 
walls the crushing was accompanied by splittinge Fige Se 
schematically depicts the stresses on a cross section of a 
wall having a compressive failure and Fige Se4 shows the 
stresses at failure when P = Pbe 

For axial load values less than Pb, the cross section 
fails due to tensile crackinge The cracked or unloaded part 
of the cross section becomes so large that the internal 
stresses on the cross section cannot balance the applied 
loadse The compressive strength of the block is not reached 
and the joint is able to rotate with a decreasing momente 
This performance may continue until the compressive strength 
of the block is reachede The rotation at which this occurs 
is defined by Sahlin as Pulte Fige 5¢5 depicts two cross 
sections of a wall with a tension failure having different 
internal stresses while being subjected to the same external 
axial load and momente 

The specimens did not exhibit the behavior of the walt 
end rotations remaining the same while the slab end 
rotations increasede The wall below the stab had a higher 
level of axial load than the wall above the slabe The part 
of the interaction curve for tension failures shows that a 
wall with higher axial load has a larger moment capacitye 


The upper wall then was cracked to a larger degree than the 
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lower wall, thus the Lower wall had a higher moment of 
inertiee It is shown in Section 5.4 that the lower wall 
with the higher moment of inertia is stiffer or more 
resistant to rotation than the upper wall and that this 
stiffress caused the horizontal deflection at the slab 
level. The horizontal deflection in turn caused a P-Deltta 
moment which increased the moment on the upper part of the 
wall while decreasing the moment on the lower walle This 
cause-effect-cause behavior eventually becomes balanced with 
a large amount of the moment redistributede 

The horizontal deflection also altered the rotations of 
the ends of the walls. This along with the redistributed 
moments caused the stress distributions in the wall to be 
very complex making an accurate analysis difficult. 

The walls and slabs in an actual building would not 
deflect in the same manner, therefore it would not be of 
much benefit to analyse the stress distribution after the 
large deflections have taken placee In further tests on 
joint performance it would he desirabte to prevent the joint 
from deflecting horizontallye Such test specimens would 
better reflect the actual behavior of the wall-slab joints 
in a real bhuildinge 

In conclusion, the wall-slab joints behaved rigidly 
urtil the moment capacity of the wall was reachede When the 
axial load on the wall was above Ph, the wall failed 
immediately upon reaching Mmaxe When the axial load on the 


wall was below Pb, the joint began to rotate plastically 
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after Mpl was reached and the nature of the interaction of 
the walls and slabs was altered. 

Although a method of analysis may be developed to 
predict the performance of the joint after Mpl is reached, 
interest in this performance is only academice The joints 
no longer behave as rigid connections and attempting to 
design a structure accepting the plastic rotation of the 
joint is not advisable as the canacity of the wall has been 
exceedede The large degree of cracking at the joint would 
not be acceptable in a real builtding and there is a danger 


of the walls becoming unstablee 


52:3 Failure of Svnecimens With Precast Stabs 


= Se SS ee = 


Se3s1 Joint Performance 


The type of wall-stab connection used for the specimens 
with precast slabs was recommended by the manufacturer of 
tte slabs to create a simply supported end conditione To 
achieve this the slab end must be able to rotate without 
rotating the wall ends and no moment must be developed at 
the slab ende 

The test results indicate that there was very Little 
interection between the stabs and walls with this type of 
Jjointe The slab end rotated without rotating the wall ends 
because of the asbestos bearing pad placed under the slabe 
This pad was highly compressible and allowed the slab to 


drep at the face of the wall as the end rotatede 
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The part of the slab end behind the asbestos pad did 
have some interaction with the wall through the grout in the 
jointe Thus, a small amount of moment was developed and 
transferred to the wallse The slab could be considered 
fixed behind the asbestos pade Moment was developed in tne 
slab until the tensile strength of the grout was reached and 
a tensile crack appeared at the slab ende Continued 
rotation of the slab end caused both the width and depth of 
the crack to increasee 

The moment in the specimens with wrap-around bars did 
not drop significantly because the bars acted as tension 
reinforcemente The moment in the slabs without the 
wrap-around bars dropped very quickly after the tensile 
crack appearede As exvecteéed, the wrap-around bars also 
prevented the slab from pulling or rotating out of the joint 
by beering against the vertical reinforcemente 

A simply supported slab with the same stiffness as 
those used in the tests, spanning 20 feet and subjected to 
normal occupancy toads, would have an end rotation of 
approximately 2-3/4 degreese The stabs of the test 
specimens were rotated more than this amount without causing 
failure of the wall if the wall was not subjected to a large 
axial loade The problems associated with large axial loads 
will be discussed latere 

Therefore, the joint detail can be assumed to provide a 
Simply supported end condition for the slabs, and the walls 


can be assumed to have almost no eccentricity of loade 
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The theory of failure of axially loaded concrete 
masonry walls is well documented and accepted. Concrete 
blocks and mortar each possess 4 different Poissons ratioe 
Because of this, the mortar, when Loaded, expands in the 
unconfined direction more than the concrete blockse The 
blocks, through shear stresses, attempt to confine the 
mortar, thus tensile stresses are produced in the blocksSe 
Eventually the tensile stresses exceed the tensile strength 
of the blocks and splitting cracks appeare Increasing the 
axial load on the wall causes the tensile cracks to grow 
larger and eventually results in failure of the wall by 
vertical splitting. 

As stated before, the joint detail used for the precast 
slabs allowed the slab end to rotate and this caused a 
vertical crack to be initiated at the precast slab ende 
This crack appears at the same Location as the tensile 
splitting crack would appear in an axially loaded walle The 
early initiation of the crack lowered the axial load 
capacity of the walle 

Also, because the asbestos pad was so compressible, the 
etfective elastic modulus on the side of the walt with the 
pad was much lower than the side without the pade 
Therefore, most of the load applied to the wall was 
transferred through the joint onto the part of the wall 


without the pade The stresses then were higher there than 
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in other levels of the wall. 

Wall E350 was subjected to axial load only and no 
vertical cracks were present at the time of loadinge 
Eventually a vertical crack appeared behind the slab ende 
The wall failed under a much lower load than similar walls 
tested by Hatzinikolase The early initiation of the 
splitting crack was due to three factors: 

Be The compressive stresses were higher at the jointe 

be The asbestos pad allowed its side of the wall to 
vertically deflect more than the other side, thus 
vertical shear stresses were present at the end of 
the slabe 

Ce The tensile strength of the grout-slab bond is tess 
than the tensile strength of a block which would 
normally be at this vositione 

ALL of the specimens on which the axial load was 
ircreased to failure after the crack was initiated failed by 
vertical splitting at much lower loads than would normally 
be expectede 

Hatzinikolas subjected walls, similar to the walls used 
in the present test specimens, to axial toadse He found 
that the average stress at failure, based on the net bedded 
area of the mortar, was 1700 psie The unreinforced 
specimens of this test series failed at a load of 120 to 140 
kKipSe Based on tne net area, this would yield a stress of 
910 to 1060 psi; stresses much lower than those of 


Hat+tzinikolas! testSe If computed on the net bedded area of 
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the wall not bearing on the asbestos pad, the stress is 
found to be between 1700 to 2000 psi. 

When using this type of joint detail the designer 
should be aware of the effect that the joint has on the 
axial load capacity of the walls. It is advisable to 
consider only the net area of the wall behind the asbestos 


pad for strength calculationse 


Se4 Moment-Rotation Analysis of Specimens With a Rigid Joint 
setel Structural Analysis of a Rigid Frame 
In the design of members for a frame structure the 
designer must first predict the loads and moments on the 
memberse Building codes give detailed guidelines on 
choosing the amount of wind, occupancy end other Loadse 
Methods to find the distribution of moments on the 
members of a rigid frame have been developed ard are widely 
used for structural materials such as steel and concrete. 
If concrete masonry walls are found to behave in a 
predictable manrer then it is logical to assume that their 
interaction with other members ina frame structure can also 
be analysede The steos required to carry out e structural 
analysis are as follows: 
Be Determine all of the loading conditions on the 
structuree 
De Pick trial members and estimate the values for Em 
and Iee 


Ce Complete a rigid frame analysis using any of the 
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accepted methods 

de Check that the capacity of the trial members has not 
been exceeded and check the estimate of Em and Iee 

Ce If the trial members and the estimates for Em and Ie 
are acceptable the process is overe If not, the 
process must be redone starting from step (b)e If 
the lLoad-moment capacity of the wall has been 
exceeded, the joint will no longer act rigidlye 
Therfore the trial section picked for the wall is 


insufficient and a new section will have to be usede 
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The amount of moment developed on a member framing into 
a rigid joint is a fraction of the total moment placed on 
the jointe It is proportional to the amount of resistance 
to rotation the member has to the totat resistance to 
rotation of all of the members framing into the jointe 

The stabs of the test svecimens were cantilevered and 
were Loaded so as to rotate their ends, thus producing the 
moment on the wall-slab joint. As the slab end rotates the 
ends of the walls must rotate an equat amount if the joint 
is to remain rigide The walls resist end rotation toa 
degree dependent on their stiffness and the applied slab 
moment is proportionally resisted by theme 

While the slopes of the applied moment-slab end 
rotation plots presented in Chanter 4 are not linear they 
are all similar up to a moment equal to Mmaxe Beyond Mmax 


the joint did: not act as.,a rigid, connection between the 
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walls and slabe 

As the axial loads placed on the wall increased the 
slope ef the moment-rotation plot also increasede Thus the 
well-slab joints of the specimens subjected to higher axial 
loads were more resistant to rotation than those of 
specimens subjected to lower loadse This indicates that 
walls subjected to higher axial loads have a higher 
stiffness than those subjected to lower axial ltoadse 

The resistance to rotation or stiffness of the wall is 
a function of the elastic modulus, Em, the material in the 
wall and the moment of inertia, I, of the cross section of 
the walle AS any of these quantities increase so does the 
stiffness of the wall. 

The elastic modulus of concrete masonry has not been 
intensively researchede Generally, es the axial load on the 
wall increases so does Em, also the value for Em is not the 
seme for unloading as it is for loadinge CSA S304 1977 
recommends that Em be estimated as 1000f'm and Hatzinikoltlas 
has recommended that this value be lowered to 750f'me 
Because the materials used in this study are the same as 
those used by Hatzinikolas the velue of 750f'm was used for 
this analysiSe This yields a value for Em of 130U ksi. 

The moment of inertia of the walls varies along their 
height due to tensile cracking. An equivalent moment of 
inertia, Ie, for the whole wall is required to estimate the 
stiffness of the wall. Hatzinikolas developed an equation 


for the equivalent stiffness of an unreinforced wall to be 
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used for design calculations. The equation is: 
Te = 2*(1/2 - e/t)*Io 

Where To = Moment of inertia of the uncracked sectione 

This equation represents a straight line plot of Ie vs 
e/t with intercepts at Ie =Io (when e/t = 0.) and Ie =0-6 
(when e/t =1/2)- For smatl values of e/t this relation was 
feund to yield satisfactory results for Ie when compared to 
results from both this test series and Hatzinikolas! tests. 
However, for larger values of e/t the equation greatly 
underestimates [ee This may be conservative for design 
calculations but the value of [e must be more accurately 
determined when it is used for the analysis of a structure. 
The plot of Ie vs e/t presented by Hatzinikolas indicates 
that a 2nd degree parabola may more accurately describe the 
relationshipe 

At the present time there is no satisfactory method for 
predicting the value of Ie for cracked concrete masonry 
walls subjected to large momentSe Obviously the value ot Ie 
must be a fraction of the uncracked moment of inertia, I0-e 

It is logical to assume that a wall subjected toa 
higher axial load will heave less cracking than a wall 
subjected to a lower toad when both are subjected to the 
same momen te Thus the more highly loaded wall will havea 
higher value for Ie and therefore greater stiffnesse This 
assumption is supported by the test resultse 

To try and predict the rotation and deflection behavior 


of the specimens, a computer program, PFT, was usede This 
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program is a modified version of the "Plane Frame and Truss 
Program" 13 and is one of the programs currently used at the 
University of Alberta for the structural analysis of rigid 
framese The assumptions of material behavior in the program 
are widely accepted and used in most structural analysis 
methodse The program computes end moments, end shears and 
end axial forces for each member in a plane frame and 
computes horizontal deflections, vertical deflections and 
rotations of each jointe 

The specimens were modeled by placing joints at the 
Location of the two pinned ends of the walls, the wall-stab 
joint and fixed joints were placed at the level of 
transducers 2 and Qe The outvout included the rotation of 
tne wall end and slab end and the deflections of atl of the 
jeintse 

The elastic modulus of the concrete slab, Ec, computed 
according to the privisions of Section 8-5-1 of ACI 318-77, 
was 3600 KSie The monent of inertia of the concrete slab, 
computed as the cracked section moment of inertia, Icry, was 
Speriats As previously stated Em was taken as 1390 ksi-e 

The program computes the deflections of the joints but 
it does not compute the P-Delta mements which are associated 
with these deflectionse To overcome this deficiency the 
locations of the joints were read into the program at their 


deflected positionSe 
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Frame Analysis 

The purpose of this section is to determine if the test 
specimens behaved in a predictable manner and to determine 
if the wall-slab joint behaved rigidly up to Mmaxe 

If all the data read into PFT accurately represented 
the actual values for Em and Te of the test specimens then 
the results from PFT should compare favorably with those 
actually measured on the test specimense The major 
variables were the values for the moment of inertia, Ie, of 
the walls above and below the slabe A trial and error 
procedure was used to determine these valuese 

In general, it was found that the deflections of all of 
the joints and the rotations of the slab end could be 
successfully predicted by PFT after a few iterationse 
Tebles Sel, Se2y and 5463 Show the values predicted by PFT 
and those actually measured for specimens A50, B25, and B50. 

Tne wall stiffness for svecimens with small amounts of 
applied slab moment was close to [o and as the moment 
increased the values for Ie decreasede As the walls were 
subjected to higher axial loads the value of Ie for a given 
level of moment was generally highere Exceptions to this 
were found in specimens where the deflections or axial loads 
were very high end the associated P-Delta moments caused 
lerge deviations from normale 

In order that the wall-slab joint deflect horizontally 


in the same direction as in the test specimen the bottom 
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wall had to be modeled stiffer (with a higher Ie) than the 
top wall. This agrees with the supposition that the watls 
subjected to higher axial loads and smaller moments, as the 
bottom walls were, have less cracking and therefore a higher 
Ie. 

There did not seem to be any exact correlation between 
the levels of axial load and moment on the wall and the 
value for Iee The largest discrepancies occurred in the 
specimens with high P-Delta momentse Because there is a 
large degree of indeterminancy associated with the P-Delta 
moments, it would be advantageous in further tests to 
prevent the specimens from deflecting horizontally at the 
level of the slabe by doing so, many of the unknown factors 
would pe removed and the specimen could be modeled in a more 
exact mannere Then the values for Ie for the top and bottom 
wells may be found to have a meaningful correlation with the 
level of axial load and moment nlaced on the specimene 

The statics of masonry wall-floor slab interaction have 
been solved using the computer program PFT. Although the 
results were produced by a trial and error procedure, once 
more research has been conducted and a successful method of 
predicting Em and Ie has been found, the structural analysis 
of statically indeterninate frames with concrete masonry 
bearing walls could be undertaken as it is with concrete and 
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Computed and Measured Rotations and Deflections for 
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66 Summary, Conclusions and Recommendations 


This investigation was undertaken to examine the 
behavior of the joint between a concrete masonry bearing 
wall and a loaded floor slab. The experimental phase of the 
study consisted of tests on full scale wall-slab 
cembinations, with both cast-in-place and precast concrete 
slabSe The purpose of the tests was to examine the effect 
of the magnitude of axial wall load on the failure mode and 
slab end rotation for specimens with various joint details. 
The analytical phase of the study included evaluation of the 
streneth characteristics of the masonry walls and analysis 
of the specimens as rigid framese The test results were 
compared with the analytical results and existing theories 


or joint performancee 


The conclusions of this study are: 

Be The joint detail used for the specimens with precast 
slabs allowed significant slab end rotations with 
small momentSe This detail can be assumed to 
provide a simply supported end condition for the 
precast slabs. 

De The joint detail used for the specimens with precast 
slabs reduced the load carrying capacity of the 


masonry walls significantlye 
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The behavior of the eight test specimens with 
cast-in-place slabs was similar to the behavior 
described by Sahlin?2. 

Although, in some cases, the specimens with 
cast-in-place slabs remained stable after Mmax was 
reached and further end rotations could be induced, 
the nature of the interaction of the walls and slabs 
was alterede Sufficient cracking of the concrete 
around the slab had occurred to conclude that the 
joint had reached its useful Limite Thus, the 
failure of the specimens occurred when the ultimate 
moment capacity ef the masonry walls was reachede 
The joint of the specimens with cast-in-place slabs 
can be considered as a rigid connection between the 
walls and stabs until the ultimate moment capacity 
otf the walls is reached. 

The degree of fixity of the rigid joint of the 
specimens with cast-in-place concrete slabs is a 
function of the stiffness of the masonry walls, as 
the stiffness of the walls increased so did the 
resistance to rotation of the stab ende This 
stiffness, devendent on the equivalent moment of 
inertia and modulus of elasticity of the cracked 
wall, decreased as the level of axial toad on the 
wall decreased and as the moment transferred to the 
wall increased, due to cracking of the walle 


Structural analysis of a structure consisting of 
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Loadbearing masonry walls and cast-in-place concrete 
slabs with joint details like those used in this 
study can be evaluated using existing rigid frame 


analysis methodse 


623 Recommendations 


= SS 


The recommendations from this study are: 


When using the type of joint detail of the specimens 
with precast slabs the designer should consider only 
the net area behind the asbestos pad for 
calculations of the wall strengthe 

Research should be carried out to evaluate the 
modulus of elasticity and the effective moment of 
inertia for a cracked wall subjected to flexural 
stresseSse Special attention stould be paid to 
developing a theoretical relationship between the 
level of axial load and moment on the wall to the 
stiffness of the wall. 

Further tests on wall-slab interaction specimens 
Should be undertakene The specimens should be 
similar to the cast-in-place slab specimens used in 
this series but with lateral restraint at the floor 
levels. The investigation should consider tests on 
differring rigid joints with special attention paid 
to developing a method of rigid frame analysis for 


the test specimens and eventually a real structuree 
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Ae Calculated Results for Specimens With Precast Stabs 


This appendix contains the moment versus slab rotation 
relationships for all of the specimens with precast slabSe 


The data is presented in both graphic and in tabular forme 
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Table Ae3 Moments and Rotations For Wall D120 


Incr Mslab Mu evl eh evu Ohdef 
NO e Kip-In Kip-In Degrees Degrees Degrees Degrees 
of S66 326 0.10 0.03 0.09 0.14 
8 SS 47.6 Q.11 0.03 0.10 0.16 
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Be Computer Interaction Diagram 


The Fortran program entitled TPM was developed to 
provide theoretical interaction diagrams for concrete 
mesonry block wallse This program will handle walls of 
rectangular cross section, with or without reinforcement. 
Load moment relationships can also be computed for masonry 
block walls with all cavities grouted or ungroutede 

The main program in TPM relies upon subroutines Prop, 
Axial, Fsteel, and Inertia to obtain information, balance 
the loads, calculate the maximum moment for a given load and 
calculate the equivalent eccentricity of Load required to 
produce such a momente In analyzing walls with h/t > le the 
program calculates the deflection at mid-height using 
reduced flexural rigidity. The calculated moment includes 
P-Deltea effectsSe 

Cutput information provided includes the Load and 


moment relationship for maximum stress on a sectione 


nalysis 


B.2 Basic Assumptions for A 


The following basic assumptions were used for analysis: 
Ae Cross sections which were plane before loading the 
member remain plane after the load is applied. 
Accurate measurements have shown that minor 
deviations from the plane section occur when the 


Load approaches the failure load. However, 
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theoretical considerations based on this assumption 
predict test results satisfactorily. 

De The stress-strain relationship for steel is linear 
until the yield strength of the steel is reached 
after which it is plastic. 

Ce Sufficient bonding of the reinforcing bars to the 
grout is developed to prevent slipping between the 
two materialSse This ensures that the strain in the 
embedded bar is the same as that of the surrounding 
gqgroute 

de The stress-strain relationship of masonry follows a 
second degree parabola proposed by Hoganstad!*,. 

Ce Since the masonry units or the mortar bond may be 
cracked, due to shrinkage or other reasons, it is 


unsafe to take into account their tensile strength. 


Limitations 
The following Limitations were encountered: 

Ae The program does not recognize any strength 
properties given to the section by placing 
"tie—-bars" around the reinforcemente 

De The masonry is considered to have strength only in 
compressione Any tensile strength is neglectede 

Ce For reinforced walls the maximum reinforcement 
should be equal to the balanced reinforcement for 
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Bed Input Data 

Figs Bel shows the required dimensions and physical 
properties of the materials to be included in the input 
datae 

The following data refers to a wall reinforced with 
3-#6 bars, 121 ine in height. The yield strength of the 
steel is 60 ksi, the strength of the masonry is 2500 psi 
the modulus of elasticity of the steel is 29 xX 10® psi. 


modulus of elasticity of masonry is taken as 1000f'm-e 


BeS List of Data 
BB = 40 ine ASC= 0.0 in. 
H = 74623 ine FC = 2500 psi 
DD Hrviiebo, ane FY = 60,000 psi 
AS = 71.33 in.= ES = 29 x 10° psi 
DC = 3-81 ine NB = 3 
AS(1) = 44 ine? DS(1) = 3-81 ine 
AS(2) = «44 ine? DS(2) = 3-81 ine 
AS(3) = 244 ine? DS(3) = 3-81 ine 
DH = 1-25 ine HN = 2 
WH = Se13 in WES 85.5 ine 
Rie = (221. ine 


Deta Fite 

Le 40 0 g 7063936 81430 8141099 ,00,% 
2e 25004, 600006 » 2900900006, 

Se Sy 


4e 44,3281, 
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